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Abstract. Ubiquitous systems use context information to adapt appli-
ance behavior to human needs. Even more convenience is reached if the
appliance foresees the user’s desires and acts proactively. This paper fo-
cuses on context prediction based on previous behavior patterns.
The proposed prediction algorithms originate in branch prediction tech-
niques of current high-performance microprocessors which are trans-
formed to handle context prediction. We propose and evaluate the one-
level one-state, two-state, and multiple-state predictors, and the two-level
two-state predictors with local and global first-level histories. Evaluation
is performed by simulating the predictors with behavior patterns of peo-
ple walking through a building as workload. The evaluations show that
the proposed context predictors perform well but exhibit differences in
training and retraining speed and in their ability to learn complex pat-
terns.
1 Introduction
Ubiquitous systems strive for adaptation to user needs by utilizing information
about the current context in which a user’s appliance works. A new quality of
ubiquitous systems may be reached if context awareness is enhanced by predic-
tions of future contexts based on current and previous context information. Such
a prediction enables the system to proactively initiate actions that enhance the
convenience of the user or that lead to an improved overall system.
Humans are creatures of habit. Humans typically act in a certain habit-
ual pattern, however, they sometimes interrupt their behavior pattern and they
sometimes completely change the pattern. Our aim is to relieve people of actions
that are done habitually without determining a person’s action. The system
should learn habits automatically and reverse assumptions if a habit changes.
The predictor information should therefore be based on previous behavior pat-
terns and applied to speculate on the future behavior of a person. If the spec-
ulation fails, the failing must be recognized, the speculatively initiated actions
withdrawn, and the predictor updated to improve future prediction accuracy.
For our application domain we chose next location prediction instead of gen-
eral context prediction. The algorithms may also be applicable for other more
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general context domains, however, there exist already numerous scenarios within
our application domain. Some sample scenarios may be the following:
– Smart doorplates that are able to direct visitors to the current location of
an office owner based on a location-tracking system and predict if the office
owner is soon coming back [11].
– Similarly, next location prediction within a smart building can be used to
prepare the room which is presumably entered next by an habitant.
– Elevator prediction could anticipate at which floor an elevator will be needed
next.
– Routing prediction for cellular phone systems may predict the next radio cell
a cellular phone owner will enter based on his previous movement behavior.
The term “context prediction” is used by Gellersen et al. [3] when a current
situational context is generated by combining different sensor information. The
semantic of our use of context prediction differs from Gellersen et al.’s use. We
always mean next context prediction, which is rarely investigated in ubiquitous
computing environments.
To predict or anticipate a future situation learning techniques as e.g. Markov
Chains [1], Bayesian Networks [6], Neural Networks [4] are obvious candidates.
The challenge is to transfer these algorithms to work with context information.
The Adaptive House project [9] of the University of Colorado developed a
smart house that observes the lifestyle and desires of the inhabitants and learned
to anticipate and accommodate their needs. Occupants are tracked by motion
detectors and a neural network approach is used to predict the next room the
person will enter and the activities he will be engaged. Hidden Markov Models
and Bayesian Inferences are applied by Katsiri [8] to predict people’s movement.
Markov Chains are used by Kaowthumrong et al. [7] for active device selection.
In our work we choose a completely different approach. Branch prediction
techniques as know from high-performance processors are transferred to the do-
main of context prediction. Our sample application predicts the next location of
people moving within an office building.
The next section shortly introduces branch prediction techniques and demon-
strates the problems that arise for a transfer towards next context prediction.
Section 3 describes the proposed context prediction algorithms and section 4
evaluates the predictors. The paper ends with the conclusions.
2 From Branch Prediction to Context Prediction
Branch prediction techniques as used in current high-performance microproces-
sors [12] stand out by their implementation simplicity, short run-time, small
memory needs, and nevertheless high hit ratio of often up to 97% in the special-
ized application domain of predicting the outcome of a branch instruction. All
these features are also highly desirable for context prediction, in particular, when
context prediction is used by small battery-powered computers in ubiquitous ap-
pliances. Branch prediction algorithms are based on simple hardware operations
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and table look-ups to allow a hardware implementation and prediction within
a single processor cycle of a multiple Gigahertz processor. Storage needs are
small because all prediction tables must be implemented on the processor chip.
A high prediction accuracy is essential for the overall processor performance,
because the misprediction penalty resulting from squashing of falsely fetched
and executed instructions and reloading the pipeline numbers several processor
cycles.
Current prediction techniques use branch execution history collected during
the runtime of a program. Such dynamic branch prediction techniques started
with simple one-bit predictors that use a single bit to determine the speculation
direction. Speculation is always determined by the outcome of the last execution
of the branch. Two-bit predictors distinguish four states stored in two bits: pre-
dict strongly taken (11), weakly taken (10), weakly not taken (01), and strongly
not taken (00). If the prediction is in a strong state, then the prediction must
miss two times to reverse speculation to the opposite direction. A single habitual
change in the execution pattern of the branch should not reverse the prediction.
The saturation counter scheme simply decrements or increments the predictor
value in case of misprediction respectively prediction hit until the saturation
value is reached. Two-bit predictors improve prediction accuracy over one-bit
predictors in case of nested loops [12]. Multiple bit predictors need more storage
space and evaluations showed that branch prediction accuracy is not improved
[5]. In principle, multiple bit predictors change a learned habit more slowly and
the number of used bits determines how slow the habit change occurs. Multi-
ple bit predictors can be seen as a kind of Markov predictor [2], if the multiple
bit representation is replaced by the frequencies of taken or not taken. One-,
two-, and multiple bit predictors are first candidates for a transfer to context
prediction.
All above-mentioned predictors use a single table that in an ideal implemen-
tation contains an entry for each branch instruction (in reality several branch
instruction may be mapped to the same entry leading to undesired interfer-
ences) and consider only self-history of the specific branch. The idea of correlat-
ing predictors [10] or two-level adaptive predictors [13, 14] exploits in addition
neighbor-history by a two-level approach — the first level consists in its most
simple approach of a shift register that stores the outcomes of the last exe-
cuted branches, and the second level is typically a two-bit predictor table. The
two-level adaptive predictor schemes proposed by Yeh and Patt [14] distinguish
nine different approaches to two-level adaptive predictors that use partly global
(neighbor) or local (self)history in the first level and local history in the second
level. These predictors are the basis of all branch prediction schemes used in
current high-performance microprocessors. The two-level adaptive schemes are
described in detail in [14] and [12].
The next section will show how these ideas can be transferred and applied
for context prediction in ubiquitous computing environments. We exemplify the
prediction techniques by movement sequences of a person that moves through
several rooms of a building. The predictions in our example only concern neigh-
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bor rooms, but the techniques can also be applied to predict distant target rooms.
Previous movements from one room into its neighbor rooms are represented by
an entry in the predictor table similar to a branch instruction. Interferences
caused by address aliases, a difficult problem in branch prediction, cannot arise
in most of our predictors, because each possible room change is represented by
an own table entry. Branch outcomes can be one of only two states: taken or
not taken. An analogy to context predictors arises if there are only two neighbor
rooms. If there are more than two neighbor rooms, the analogy with branches
fails, and the predictors must be enhanced.
Our predictors only predict the location contexts of a single person. If mul-
tiple persons should be observed, separate predictor tables are applied. This is
no restriction as far as the movements of several persons do not interfere with
each other. Such personal interferences cannot be observed by the proposed al-
gorithms.
3 Context Prediction Algorithms
3.1 Local One-level Context Predictors
We start with the one-level context predictors that allow only to base the pre-
dictions on local movements from one room to its neighbor rooms.
1-State Context Predictor. The predictor stores a single prediction state for
each neighbor room. For that reason we chose the denotation 1-state context
predictor (short: 1-state predictor). When leaving a room R the target room T
is stored. When the person reenters room R, room T will be predicted as next
room.
 corridor 
secretariatboss 
Fig. 1. Floor plan of corridor,
boss’ office, and secretariat
 corridor 
secretariat boss employee 
Fig. 2. Floor plan of corridor, boss’ office,
secretariat, and employee’s office
The 1-state predictor works analogical to the one-bit branch predictor, if
only two neighbor rooms exist. For example the corridor in figure 1 has only the
secretariat S and the office of the boss B as neighbor rooms. Figure 3 shows the
prediction graph of the 1-state predictor for the corridor. The states indicate
which room will be predicted. If a person goes from the corridor into the boss’
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office B the predictor will be set to the state B. When the person reenters the
corridor, the boss’ office B will be predicted as the person’s next location. If this
prediction proves as correct, the predictor stays in state B. Otherwise, if the
person enters the secretariat S, the predictor changes to the state S and at the
next time it will predict the secretariat.
Assuming three neighbor rooms the one-bit branch predictor has to be ex-
tended. If the corridor has the office of an employee E as an additional neighbor
room (see figure 2), the prediction graph must be changed as in figure 4. The con-
struction principle can be continued analogically in case of more neighbor rooms.
Each room is represented by a node and all nodes are completely connected to
each other.
BB  S  S S
B

Fig. 3. Prediction graph of 1-state
predictor for the corridor with two
neighbor rooms
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Fig. 4. Prediction graph of 1-state predic-
tor for the corridor with three neighbor
rooms
The storage costs of the 1-state predictor are very low. Only the id of the
room that is predicted has to be stored for each room. An advantage of the
1-state predictor is its fast training. A person has to visit a room only once in
the past and yet the next room can be predicted. A possible disadvantage is its
potentially too fast retraining as the following example shows. A person goes
always from the corridor into the same room. If she interrupts her habit only
once by entering another room, the predictor is already retrained and predicts
next time the wrong room. The 1-state predictor is very sensible against one-
time deviations from the habit. Here the 2- or k-state predictor constitutes a
remedy.
2-State Context Predictors. The 2-state context predictor is a modification
of the two-bit branch predictor with saturation counter. The first entry denotes
the next room as in the 1-state predictor. The second entry is used for changing
between the strong and weak states. The room stored in the first entry is thus
always predicted independently of the second entry, which influences training
and retraining speed. The denotation “2-state context predictor” stems from
the provision of two states for each predicted room.
At first let’s assume again a room with two neighbor rooms (see figure 1).
Figure 5 shows the corresponding prediction graph of the 2-state predictor. The
denotations of the states consist of the id of the room and a counter. If a person
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enters for the first time the boss’s office B from the corridor, the state B0 is
set. If the person reenters the corridor, the office of the boss B is predicted as
next location. If the prediction proves as correct, the predictor switches into the
strong state B1. Thus, next time the office of the boss B will be predicted again.
If the person interrupts her habit once by entering the secretariat S, the state
is set back from B1 to B0. Thus the boss’ office is still predicted. Only if the
person goes twice successively from the corridor into the secretariat S, the state
is changed to S0 and next time the secretariat is predicted.
	
B1B
 S  	
B0
B

S  	
S0
B

S  	
S1 SB
Fig. 5. Prediction graph of 2-state predictor for the corridor with two neighbor rooms
The prediction graph of a room with three neighbor rooms (see figure 2) is
shown in figure 6. First training and transition to a strong state work as described
above. If a person went several consecutive times from the corridor into the office
of the boss, the predictor is in the strong state B1. If she goes next time from
the corridor into a room different from the boss’ office, the predictor changes
into the state B0 predicting still the office of the boss. If the person goes now
from the corridor into the secretariat the predictor switches into the state S0
independently of the room entered from the corridor before, and predicts thus
the secretariat as next.
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Fig. 6. Prediction graph of 2-state predictor for the corridor with three neighbor rooms
If a room has more than three neighbor rooms, the principle can be continued
similarly. It should be noted that only the nodes with a 0 in the second entry,
i.e. the weak states, form a completely connected graph as displayed in figure 6.
The storage costs of the 2-state predictor are still low. Besides the id of
the room that is predicted an additional one-bit counter has to be stored for
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each room. The computation costs for adapting the states are insignificantly
larger than for the 1-state predictor. The predictor is also rapidly trained. The
retraining is slowed down such that an one-time change of the habit does not
cause an effect. In the case of two successive deviations from the habit the system
notes the change. If more than two deviations of a habit should not yet lead to
a retraining, the number of states must be increased leading to a k-state context
predictor.
k-State Context Predictor. 1- and 2-state predictors are special cases of the
k-state predictor, which features k states for each predicted room. The k-state
predictor is related to the n-bit branch predictor, however k = 2n−1. The first
entry indicates again the next room. The further n−1 bits serve for enumerating
the k states. If the counter is saturated, k mispredictions are needed before
another room is predicted.
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Fig. 7. Prediction graph of k-state predictor for the corridor with three neighbor rooms
The prediction graph (figure 7) shows a k-state predictor (with h = k−1) for
a room with three neighbor rooms (see figure 2). The prediction graph shows that
the k-state predictor is a generalization of the 2-state predictor. If the counter
stands on k−1, the k-state predictor reaches its strongest states and k successive
transitions into other neighbor rooms are needed until another room is predicted.
The storage costs for the k-state predictor is not or only insignificantly larger
than for the 2-state predictor.
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The counter k indicates, how quickly a habit may be changed. An enhance-
ment of the k-state predictor concerns the learning of k, i.e. the speed of a habit
change could be learned.
Oscillating between two rooms leads to the fact that the wrong room is always
predicted, if the 0 state is set for the first occurrence. Starting with a stronger
state would halve the number of mispredictions. However, complex movement
patterns cannot be learned by the 1-, 2-, or k-state predictors, but only by two-
level predictors.
3.2 Global Two-level Context Predictors
The global two-level context predictors regard a sequence of the last rooms that
a person entered to predict the next room. The visited rooms are stored in a kind
of shift register that constitutes the first level of the predictor. If a new room
is entered all entries of the register are shifted to the left and the new room is
filled in from the right. The length of the shift register is called the order, which
denotes the number of last visited rooms that influence the prediction. The
second level consists of a pattern history table that stores all possible patterns
of room sequences in different entries. Each entry holds additionally a 2-state
predictor entry, which can be replaced by an arbitrary k-state predictor or a
frequency analysis entry. The pattern in the shift register is used to select an
entry in the pattern history table.
Second Level with 2-State Context Predictor. Here a 2-state predictor
entry is used in the second level, i.e. a 2-state predictor that predicts the next
room exists for each pattern in the pattern history table (see section 3.1).
We consider again the example with three rooms: C (corridor), S (secretariat),
and B (office of the boss). Furthermore we assume an order of 3. Then there are
3 · 22 = 12 patterns and therefore 12 entries in the pattern history table. Figure
8 shows this case assuming the room sequence C S B C B S C S C B S C B S.
After the first occurrence of the pattern C B S the initial state C0 is set for this
pattern. The predictor changes to state C1 after the next occurrence of C B S.
Now the prediction is that the corridor C will be entered next.
 pattern two state 
C B S C1 
… … 
B S C B0 
… … 
C S B 
Fig. 8. Two-level predictor with 2-state predictor
The 2-state predictor in the second level can be replaced by a k-state predictor
with different k to adjust the retraining speed.
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Second Level with Frequency Analysis. The second level stores for each
pattern the frequencies of all previous accesses to all neighbor rooms from the
current room, which is listed last in the pattern. Now the room with the largest
frequency is predicted. This predictor corresponds to the Markov Predictor from
data compression [2].
We consider the same example as above. Figure 9 shows the shift register
and the pattern history table for the two-level predictor with frequencies.
 pattern next room frequency 
C 2 
C B S B 0 
… … … 
B 1 
B S C S 1 
… … … 
C S B 
Fig. 9. Two-level predictor with frequencies
The storage costs depend on the number of rooms and on the selected order.
Let n be the number of the rooms and let r be the order, then there are nr
patterns. However, sequences with two consecutively equal rooms (e.g. corridor -
secretariat - secretariat) can never occur in case of the global two-level predictors
described here. Therefore the number of possible patterns is n · (n−1)r−1, which
constitutes the maximum storage size of the pattern history table assuming that
each room is directly reachable from every other. In reality the complexity is
further reduced, because not all rooms are neighbored.
If 2-state predictors are used in the second level, storage space is required for
as many 2-state predictor entries as patterns. If the second level is realized with
frequencies, the rooms, which are reachable from the last room of the pattern,
together with the associated frequencies have to be stored for each pattern. Let
ki(ki < n, i = 1, . . . , n) be the number of rooms, which are reachable from the
i-th room, then the number of frequencies to be stored is
∑n
i=1(n − 1)r−1 · ki.
For this number n · (n− 1)r−1 · (n− 1) = n · (n− 1)r is an upper limit.
An advantage of the global two-level predictors is that now complex move-
ment patterns can be predicted. Since each pattern is treated separately, in-
terferences [12] between two patterns cannot appear as is the case in branch
prediction.
A disadvantages of the frequency analysis method in the second level is that
after many turns of a pattern, retraining needs a long time. For example if a
room R is entered 1,000 times after the same movement pattern, 1,000 times of
entering another room after this pattern is needed before the prediction changes.
3.3 Local Two-level Context Predictors
The local two-level context predictors use only neighbor room history and dis-
regard the movement sequences through all rooms. The shift register does not
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contain the global history, i.e. which rooms were entered before, but the local
history, meaning the rooms, which the person visited after the local room.
For each room exists a two-level predictor, i.e. the consecutively entered
neighbor rooms form the pattern for each room. The local two-level predictors
operate like the global two-level predictors. Thus again different prediction meth-
ods (2-state, k-state or frequency analysis) can be applied in the second level.
We look at the floor plan example of figure 2 assuming three neighbor rooms
for the corridor. We assume a person moves through the rooms in the sequence
C B C S B C B E C S C. The person is now in the corridor and the shift register
used for the selection of the entry in the pattern history table of the corridor
contains B S B S.
The storage costs are composed as follows. Let r be the order and let ns
be the number of the neighbor rooms of the room s, then a table with (ns)r
patterns has to be stored for each room s. The same room can occur successively
in a pattern, in contrary to the global two-level predictors described above. An
advantage over the global two-level predictors is that with a smaller order longer
global sequences can be accounted for. Patterns of the kind “after repeated
visits of a known room, another room is visited” can be recognized over a long
sequence of movements. The disadvantage of this predictor is that the training
phase is extremely long. Moreover, global movement patterns cannot always be
distinguished. For instance the movement pattern C B C S B C B E C S C and
C B C S E B E C B E C S C generate the same B S B S pattern of order 4,
because only the rooms entered after corridor C are taken into account to form
the local pattern. Thus, from the global view, interferences may occur in pattern
construction.
The two-level context predictors can be extended using a method motivated
by Prediction by Partial Matching (PPM) [2] from the area of data compression.
Here a maximum order m is applied in the first stage instead of the fixed order.
Then, starting with this maximum order m, a pattern is searched according to
the last m rooms. If no pattern of the length m is found, the pattern of the length
m− 1 is looked for, i.e. the last m− 1 rooms. This process can be accomplished
until the order 0 is reached.
4 Evaluation
No benchmarks exist so far for movement patterns in ubiquitous systems. There-
fore we use synthetic patterns for movements of a person within an office build-
ing.
First, we compare the 1-state, 2-state and k-state context predictors using
simple movement sequences. We use the 4-state predictor as an example for the
k-state predictor. Again we use the floor plan of figure 2 with the corridor, the
boss’ office B, the secretary S, and the employee’s office E. The first column of
table 1 shows the movement sequence and the other columns show the number
of occurring mispredictions.
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Table 1. Comparison of 1-state, 2-state, and 4-state predictors
1-state 2-state 4-state
...B B B B B E B B B B B B B B B B B B... 2 errors 1 error 1 error
...B B B B B E E B B B B B B B B B B B... 2 errors 3 errors 2 errors
...B B B B B E E E B B B B B B B B B B ... 2 errors 4 errors 3 errors
...B B B B B E E E E E E E B B B B B B... 2 errors 4 errors 8 errors
...B B B B B E B E B E B E B B B B B B... 8 errors 4 errors 4 errors
...B B B B B E B B E B B E B B B B B B... 6 errors 3 errors 3 errors
...B B B B B E E B B E E B B E E B B B... 6 errors 9 errors 6 errors
...B B B B B E E B E E B E E B B B B B... 6 errors 7 errors 7 errors
When the movement pattern switches only between long sequences of the
same room, then the predictors with less states are advantageous, because these
predictors adjust fast to habit changes. Furthermore, the 4-state predictor doesn’t
perform better than the 1-state or 2-state predictors for any of the sequences.
Second, we describe simulation results evaluating all context predictors using
various movement sequences as workload. Each sequence consists of a movement
cycle, which is repeated until the person performed 1,000 room changes. All
movement sequences are based on the four room scenario of figure 2. An order of 4
is used for the local as well as the global two-level predictors. The measurements
calculate the cumulative error of every predictor, i.e. the mispredictions are
added up. A predictor learned a pattern if the gradient of the cumulative error
graph is zero. Learning a pattern means that the misprediction rate converges to
0%. The misprediction rate can be calculated from the charts as the cumulative
error after 1,000 predictions divided by 1,000. The predictor labels shown in the
diagrams are defined in table 2.
Table 2. Abbreviations for the context predictors
L-1L-1S local one-level 1-state predictor
L-1L-2S local one-level 2-state predictor
L-2L-2S(4) local two-level predictor with 2-state predictor and order 4
L-2L-F(4) local two-level predictor with frequencies and order 4
G-2L-2S(4) global two-level predictor with 2-state predictor and order 4
G-2L-F(4) global two-level predictor with frequencies and order 4
Measurement I: A weekly cycle is simulated using the same action from Mon-
day to Friday, differing on Saturday and Sunday. The simulation uses the fol-
lowing cycle:
C - S - C - S - C - S - C - S - C - S - C - B - C - B (short: C
5×
⇀↽ S → C 2×⇀↽ B)
Figure 10 shows the simulation results. Mispredictions of the local predictors
occur on the exit of the corridor. None of the predictors is able to learn the
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Fig. 10. Measurement I
pattern, because even the local two-level predictors with an order of 4 are not
sufficient. An order of 5 would allow the local two-level predictors to learn this
pattern. The 2-state predictor suffers most mispredictions (three per cycle), two
at the change from S to B and one from B to S. The 1-state predictor generates
one misprediction for each change between S and B, thus two per cycle.
The local two-level predictor with a 2-state predictor in the second level
oscillates between S and B after the pattern S - S - S - S, consequently predicting
the wrong room two times per cycle. This effect doesn’t appear if frequency
analysis is applied in the second level. The frequencies for S and B selected by
the pattern S - S - S - S are equal after a complete cycle. But the predictor is
implemented in a way to predict the room, that first reached that frequency,
resulting in only one misprediction per cycle. The local two-level predictor with
a 2-state predictor in the second level is even worse than the 1-state predictor
in the overall view, because of the mispredictions caused by the training phase.
The global two-level predictors with a 2-state predictor and the frequency
analysis in the second level perform equal. Both predictors suffer one mispredic-
tion per cycle after the pattern S - C - S - C before entering room B. The global
two-level predictors suffer from less mispredictions than the local two-level pre-
dictors with frequency analysis because the global patterns of the training phase
are proceeded faster than the local patterns.
Measurement II: Again we simulate a weekly cycle, however, with the same
action from Monday to Thursday and a different action on Friday to Sunday
resulting in the simulation cycle:
C - S - C - S - C - S - C - S - C - B - C - B - C - B (short: C
4×
⇀↽ S → C 3×⇀↽ B)
Figure 11 shows the simulation results. The 2-state predictor makes four
mispredictions per cycle, because it is in its strong state while changing from
S and B. The 1-state predictor makes two mispredictions per cycle, because of
the two changes per cycle in the pattern. The global two-level predictor with
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Fig. 11. Measurement II
frequency analysis suffers from two mispredictions per cycle after the patterns
S - C - S - C and B - C - B - C. The global two-level predictor with 2-state
predictor is in its strong state after the pattern S - C - S - C and before entering
room B. Thus it predicts the wrong room and changes to the weak state of S.
At the next occurrence of that pattern the predictor correctly predicts S and
changes back to its strong state. After the pattern B - C - B - C the 2-state
predictor alternates between the weak states of S and B, thus making two wrong
predictions. Overall it performs three mispredictions per cycle.
The local two-level predictors learn the pattern after a training phase, making
more mispredictions at that time as the other predictors. Measurements I and
II demonstrate the rule that the length of the shift register must be at least the
size of the iterations contained in the patterns.
Measurements III and IV: The patterns of the weekly cycle should be short-
ened now. The first cycle (measurement III) that should be analyzed is:
C - S - C - S - C - S - C - S - C - B (short: C
4×
⇀↽ S → C 1×⇀↽ B)
The second cycle (measurement IV) for the simulation is:
C - S - C - S - C - B (short: C
2×
⇀↽ S → C 1×⇀↽ B)
The local two-level predictors are able to learn the pattern in figure 12 left
chart (measurement III). The global two-level predictors and the local one-level
2-state predictor make one misprediction per cycle at the change from S to B.
The 1-state predictor predicts the wrong room two times considering the changes
from S to B.
In figure 12 right chart (measurement IV) the local two-level predictors and
the global two-level predictors learn the pattern, as it can be grasped by an order
of 4. The difference is again in the training phase. The local one-level predictors
perform as described earlier.
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Measurements V to VII: These measurements examine the predictor’s be-
havior regarding changing habits. The change can be that a person always carries
out a single special action after a certain sequence of actions. Three different cy-
cles V, VI and VII are simulated:
V: Z1 - Z1 - Z1 - Z1 - Z2 - Z2 - Z2 (short: 4×Z1 - 3×Z2)
VI: Z1 - Z1 - Z1 - Z1 - Z1 - Z2 - Z2 - Z2 - Z2 (short: 5×Z1 - 4×Z2)
VII: Z1 - Z1 - Z1 - Z1 - Z1 - Z1 - Z2 - Z2 - Z2 - Z2 - Z2 (short: 6×Z1 - 5×Z2)
Auxiliary cycle Z1: C
4×
⇀↽ S → C 1×⇀↽ B
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Fig. 13. Measurement V
Figures 13, 14, and 15 show that in all simulations the local one-level pre-
dictors behave equal for the retraining. They learn the changed habit after 1,
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Fig. 15. Measurement VII
respectively 2 changes, not regarding the history. Also the global two-level pre-
dictors don’t show differences in the simulation results, because the patterns are
to long at a global point of view. That’s why only the local two-level predictors
will be investigated in more detail.
In measurement V, the local two-level predictor with frequency analysis
makes less prediction errors. Because of the four changes to B after the local
pattern S - S - S - S, it predicts three times the wrong room, if there is a change
to S. The local two-level predictor with 2-state predictor makes an error at the
change to B and E after the pattern S - S - S - S, i.e. it predicts four times the
wrong room in each complete cycle.
The predictor with frequency analysis behaves equal in measurement VI,
meaning that it always makes a mistake if there is a change to B. Therefore
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it predicts the wrong room four times per cycle. The predictor with 2-state
predictor in second level makes also four errors per cycle. The difference can
be identified during the first retraining phase. The cumulative error after two
transitions in the retraining phase is less for the 2-state predictor than for the
predictors with frequency analysis. But as the 2-state predictor must relearn the
transition to S, the cumulative error adjusts during the first transitions to S in
each cycle to that of the predictor with frequency analysis, which doesn’t make
any mistake at transitions to S.
In measurement VII the 2-state predictor performs better than the predictor
with frequency analysis. The 2-state predictor makes four errors per cycle, while
the predictor with frequency analysis makes five errors. In the training phase
both behave equivalent, but a noticeable difference can be spotted at the first
retraining phase.
The simulation could be continued using this schema. The predictor with a
2-state predictor in the second level would make four mispredictions per cycle,
while the misprediction rate of the predictor with frequency analysis in the
second level would increase with the number of simulated auxiliary cycles.
Measurement VIII: This simulation analyzes random action sequences. The
following cycle will be used:
C - {S,B,E}
Cycle: C - {S,B,E}
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Fig. 16. Measurement VIII
If the transitions are selected randomly (figure 16), all predictors suffer from
a comparable number of mispredictions. The local one-level predictors make a
little less prediction errors as the global two-level predictors, which again are
insignificantly better than local two-level predictors. The training phase and the
relearning phases are the cause for this behavior.
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5 Conclusion
This paper analyzed the suitability of branch prediction techniques known from
the area of processor architecture for the context prediction. We transferred
branch prediction techniques to context prediction using a person’s movement
patterns in a building. The evaluation of the implemented predictors used syn-
thetic movement sequences, because of the lack of real movement pattern. The
usage of various synthetic pattern lead to a good differentiation between the
predictors, which are summarized as follows:
1-State Context Predictor. The 1-state predictor makes less prediction
errors for long constant cycles than for cyclic patterns, as expected, which means
that the same room is entered from another room many times. The 1-state
predictor shows the best results for the training phase, because it only needs one
transition from the actual room and no further history. The retraining performs
also very fast. If the following room is changed, it will predict that room already
for the next prediction request. The fast relearning is advantageous regarding
long and constant cycles. In that case the 1-state predictor performs better than
any other predictor (see figure 10 and 11).
2-State Context Predictor. Concerning long constant cycles (figure 10
and 11) the 2-state predictor performs worse than the 1-state predictor, because
of its technique that a prediction must miss twice before it is changed. For cycles
containing only one time a different successor (figure 12) the 2-state predictor
performs better than the 1-state predictor with only one misprediction per cycle.
The training phase of the 2-state predictor works as fast as that of the 1-
state predictor. A prediction can already be performed after one past transition.
Retraining is slightly slower as of the 1-state predictor, as we need two mispre-
diction to retrain. The 2-state predictor is suitable as a “warming-up predictor”
for complex predictors.
The local one-level predictors, i.e. the 1-, 2, and k-state predictors, are unable
to learn complex non-constant patterns. The state number k determines the
retraining speed.
Local Two-level Context Predictors. These predictors cannot learn the
pattern shown in figure 10 with an order of 4, because of the 5 transitions from
the corridor to the same room. The predictor can learn a pattern only if the
local pattern exhibits a transition length that is less or equal than the order (see
figure 11).
A disadvantage of the 2-state predictors in the second level is the oscilla-
tion between two weak states (figure 10). The predictor with frequency analysis
prevents this behavior. But on the other hand this kind of predictors need long
retraining processes as shown in figure 13, 14, and 15. Considering only two
possible neighbor rooms, the predictor with frequency analysis is the limit for
k-state predictors k →∞.
The training phase for the local two-level predictors takes the longest time
compared to all other regarded predictors, as each room must be left at least
as often as the order to make a prediction. Retraining may concern two cases:
18 Petzold et al.
First, if a new pattern is used, a room must be left as often as the order speci-
fies. Second, retraining needed within a complex pattern depends on the second
level. Here, the 2-state predictor performs well, in contrast to the predictor with
frequency analysis, which shows some weaknesses with the patterns in figure 15.
Global Two-level Context Predictors. In contrast to the local two-level
predictors, the global two-level predictors don’t learn the pattern in all measure-
ment cases, as the following room must not change for a global pattern to be
learned (figure 12 right chart). The patterns in the other figures can be learned
with an order number of 5 or more.
The differences between the 2-state predictor and the frequency analysis in
the second level is equivalent to those of the local two-level predictors. Figure
11 demonstrates the oscillation between two weak states.
In the training phase the global two-level predictors perform always better
than the local once, because global patterns are learned faster. However, overall
performance of the global two-level predictors is worse than the performance of
the local one-level predictors. An analogical behavior is reflected at the retraining
phase in the case of new patterns. In all other cases the relearning of a room,
following a certain pattern, depends on the second level, equivalent to the local
two-level predictors.
The simulations show that the 1- and 2-state predictors are very fast in
training and retraining, whereas the two-level predictors are better suited for
complex patterns. The advantages of both types could be combined in a hybrid
context predictor. As an example, a 2-state predictor could be used during the
training phase of a two-level predictor and its prediction is substituted by the
two-level predictor afterwards. Such a hybrid predictor might be suitable for real
world applications, as nobody wants to wait a long time for a system to adopt
itself.
To avoid misguidance of persons or systems with wrong predictions, the con-
fidence of the predictions should be taken into account. Meaning that a predic-
tion should only be made, if the prediction reaches a high confidence level and
suppressed otherwise.
Our future work concerns construction of new predictors and evaluation of
these and of the described predictors with real movement sequences. A person
tracking system, currently build up at the University of Augsburg, will generate
such real movement patterns. Time is another important point in learning human
habits. Therefore the predictors shall be enhanced to be time-dependent.
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